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l e t t e r s
Endocochlear potential (EP) is a battery-like electrochemical gradient found in and actively maintained by the inner ear 1,2 .
Here we demonstrate that the mammalian EP can be used as a power source for electronic devices. We achieved this by designing an anatomically sized, ultra-low quiescent-power energy harvester chip integrated with a wireless sensor capable of monitoring the EP itself. Although other forms of in vivo energy harvesting have been described in lower organisms [3] [4] [5] , and thermoelectric 6 , piezoelectric 7 and biofuel 8, 9 devices are promising for mammalian applications, there have been few, if any, in vivo demonstrations in the vicinity of the ear, eye and brain. In this work, the chip extracted a minimum of 1.12 nW from the EP of a guinea pig for up to 5 h, enabling a 2.4 GHz radio to transmit measurement of the EP every 40-360 s. With future optimization of electrode design, we envision using the biologic battery in the inner ear to power chemical and molecular sensors, or drug-delivery actuators for diagnosis and therapy of hearing loss and other disorders.
Implantable electronics for medical applications typically require large energy reservoirs to operate reliably over long periods of time. In both human health care and animal studies, anatomy often limits the size of implantable batteries, requiring surgical reimplantation or cumbersome external wireless power sources for long-term operation. Harvesting energy from nearby energy sources is an alternative approach to extend implant life and, with sufficient available energy, to allow the implant to operate autonomously. As humans and animals already generate and consume a vast amount of power 10 , biologically based energy harvesting is a potential solution to power implanted devices. However, some biological energy sources, such as heat captured using thermoelectric devices 6 , and muscle movements captured using piezoelectric devices or induction generators 11 , are not suitable for mammalian implantable applications as they require externally worn apparatuses. Meanwhile, previous reports of large-scale biofuel cells have long-term stability challenges 12 , or extract power from living trees 3 , neither of which is a suitable source for implantable medical devices. Among the in vivo biological energy sources reported, the potential of a microbial glucose fuel cell has been found to be 0.2-0.62 V (ref. 8) , whereas that of a cockroach is 0.2-0.25 V (ref. 4) , and of a snail is 0.53 V (ref. 5). Although quite promising, these potentials are not generated in mammals or are difficult to extract in anatomically sized in vivo devices.
At 70-100 mV, the EP is the largest positive direct current electrochemical potential in mammals. (Although animal resting potentials can vary between -20 and -120 mV, such potentials occur at the cellular level and are not available in such a large reservoir.) The EP is the main driving force for cochlear mechanotransduction of sound pressure vibrations to neurotransmitter release and excitation of the auditory nerve. Although the EP is well understood and modeled 2, 13, 14 , to our knowledge it has never been harvested to drive electronics. Its inherent stability over mammalian lifetimes 15 makes it a candidate for powering long-term, energy-autonomous implantable devices. The EP arises from the difference in ionic concentration between endolymph-an extracellular fluid in the inner ear-and perilymph, an extracellular fluid that bathes surrounding spaces. Endolymph, which has a higher potassium concentration than that inside cells or in perilymph, is separated from perilymph by a complex network of tight junctions (Fig. 1) . The EP effectively acts as a biologic battery whose potential is actively stabilized by potassium channels, pumps and cotransporters (Fig. 2) in cells of the stria vascularis, a specialized structure that borders the endolymphatic space.
Any electronic system that interfaces with and extracts power from the EP should not interfere with the normal function of the cochlea. Total current flow through the guinea pig cochlea (including both sensory and nonsensory cells), whose anatomy and physiology is similar to that of humans, has previously been determined to be 0.8-1.6 µA per millimeter of cochlear wedge 16 . Given the 18-mm length of the guinea pig cochlea 17 , currents generated by the stria vascularis on the order of 14-28 µA occur in the guinea pig physiologically and place an upper limit on extractable electric current from the cochlea.
In practice, the maximum current extractable from the EP by an implanted energy harvester is constrained well below this limit by the high-impedance electrodes that we used, which had energy extraction from the biologic battery in the inner ear l e t t e r s
We overcame the challenges of energy harvesting from the EP with a custom integrated circuit featuring a wireless kick-start energy receiver and energy buffering power electronics that consume at least an order of magnitude lower power than previous work [19] [20] [21] . The lowvoltage turn-on issue was addressed by delivery of an initial one-time wireless start-up charging packet 23 of less than 2 s between an external radio frequency source and an on-board 3 × 4 mm 2 loop antenna. This charging packet was converted from radio frequency power to direct current to charge a 200-nF energy buffer capacitor, C supply ( Fig. 2) , up to a maximum of 1.4 V. At such a voltage, C supply contained up to 200 nJ, which was sufficient to operate the system for at most 6 min before the stored energy was completely exhausted (given a total system power consumption of 573 pW, as discussed below). To sustain the charge on C supply once the external radio frequency source was removed, we used a boost converter to harvest the low-voltage EP energy by transferring and converting this energy to a higher voltage suitable for buffering energy onto C supply . For system sustainability, the quiescent power consumption of the circuits that control the boost converter should be much less than the available output power. We implemented a continuously running timer and driver circuits that consumed 527 pW at 0.9 V, controlling the boost converter and activating a load circuit every 40-360 s. The boost converter achieved an efficiency of 53.4%. After including the timer and driver overhead, 60-2,840 pW of net positive power was extracted and available for the load circuit. K + returns to perilymph either by entering hair cells (HC) apically during mechanoelectrical transduction of sound and exiting basolaterally via KCNQ4 channels, or via leakage current through the surrounding tissues (solid red lines represent tight-junction networks). With energy from the EP, a boost converter was used to trickle-charge capacitor C supply , which supplies power to an integrated wireless transmitter. Switch S 1 in the converter was used to temporarily store energy in the inductor (L), and switch S 2 was used to transfer the stored energy onto C supply at the higher required voltage. Once C supply had stored sufficient energy, the transmitter entered its active mode and wirelessly transmitted a packet to a nearby receiver, after which it returned to a low-leakage standby mode and the boost converter began to replenish C supply . A start-up rectifier was used with an external wireless power source to initialize the system. sharp tips so as to minimize cell damage when they are inserted into the EP space. The input power to the implantable energy harvester, which we refer to as the endoelectronics chip, is given as
where V EP is the endocochlear potential, R elec and R in,eff are the impedances of the glass electrodes and the endoelectronics chip, respectively, and
is the effective input voltage to the endoelectronics chip (Fig. 2) . Given electrode impedance constraints, the extractable power is maximized when R in,eff is configured close to R elec . For the glass microelectrodes traditionally used, the tradeoff between electrode impedance and bluntness reaches a point of diminishing returns at R elec = 0.4-1.1 MΩ, when a further increase in the diameter of the electrode tip (that is, bluntness) increases collateral cell damage during insertion while not offering a substantially lower impedance. This results in extractable power ranging from 1.1-6.3 nW with V IN in the range of 30-55 mV.
The low EP voltage, in conjunction with the low extractable power, poses two substantial challenges for harvesting net positive energy. First, transistor-based electronics require hundreds of millivolts to start up in the absence of expensive semiconductor post-processing 18, 19 . Second, the maximum extractable power levels are at least an order of magnitude less than the quiescent power of the most efficient energyharvesting and energy-sensing circuits in the literature [20] [21] [22] . For continuous, self-sustaining operation, quiescent (that is, standby) power should be well below the maximal extractable power.
npg l e t t e r s
In any implanted sensing system, communication is essential to convey sensed information to the external world. Here we integrated a wireless radio transmitter that, through the use of extensive leakage power-reduction techniques 24 , consumed a standby power of 46 pW at 0.9 V, which is at least an order of magnitude lower than previous work 25, 26 . The transmitter shared the on-board antenna with the wireless kick-start circuit to minimize the implant's physical volume. The output data rate was set by an integrated ring oscillator, and the system could operate at instantaneous data rates programmable from 100 kbps to 10 Mbps up to a 1-m distance. Combined, the active energy consumption, packet length and standby power dictate the maximum frequency of packet transmissions. With the given power budget, the transmitter spent ~0.0001% of its time in active mode.
The chip was fabricated in a standard complementary metal-oxide semiconductor (CMOS) process with a minimum feature size of 0.18 µm, and it occupied a total volume of 2.4 × 2.4 × 0.2 mm 3 . The chip was wire-bonded to a printed circuit board prototype (Fig. 3a) that is currently sufficiently small to be implantable in the human mastoid cavity, or in the bulla cavity of cats, gerbils or chinchillas (Fig. 1) 27 .
We operated the chip for up to 5 h using the EP of an anesthetized Hartley Albino Cavia porcellus (guinea pig) as the source of energy into the system, after an initial wireless kick-start. Because these were feasibility studies, the electrode tips were inserted into the cochlea and the electrode shafts were connected to the endoelectronics chip located outside the guinea pig rather than implanted in the middle ear ( Supplementary  Fig. 1). Figure 3b shows the C supply system supply voltage, V supply , which replenished and persisted throughout a 20-min measurement (Supplementary Fig. 2 shows the results from a 5-h experiment). As the system operated longer than the energy contained in the initial kick-start otherwise permitted (6 min), these results demonstrate an energy-harvesting system powered primarily from a mammalian electrochemical potential. The boost converter's average input impedance was configured to approximately equal the electrode impedance, so the converter extracted close to the maximal possible power from the EP given the physical constraints of the electrodes. As a result, V supply slowly fluctuated as the animal's EP, and therefore the available energy into the system, varied. On a smaller timescale, as shown in Figure 3c for three different experiments, V supply periodically dropped by 36-48 mV during active-mode wireless transmissions. After the voltage drop, the boost converter continued to harvest energy from the EP by trickle-charging capacitor C supply , thereby recovering energy spent during the transmission. We used energy harvested from the EP not only to power a wireless transmitter but also to sense relative changes in the EP after the voltage drop seen in the electrode resistance (V IN ). Because the instantaneous radio data rate was generated internally by a ring oscillator whose frequency varied with V supply (which in turn varied with the EP and therefore V IN ), the wirelessly received data bits were inherently encoded with EP information. Thus, by monitoring the output data rate, we demonstrated that this self-powered system was also capable of continuously monitoring relative changes in the EP (Fig. 3d) . Trends in sensed V IN (equal to V EP R in,eff /(R in,eff + R elec )), powered by the EP, were within a 0.45-mV r.m.s. error of direct measurements by an external battery-powered device over a 2.5-h experiment.
To test whether the system affected hearing, we measured compound action potential thresholds before and after electrode insertion (Supplementary Fig. 3 ) and before and after current draw (Fig. 3e) in two different anesthetized guinea pigs, respectively. Because the cochlea is tonotopically organized, with the high frequencies encoded at the cochlear base and low frequencies encoded at the cochlear apex, we tested cochlear function along its length by using tone pips of different frequencies. Insertion of the beveled glass microelectrodes did not adversely affect hearing (Supplementary Fig. 3) . Likewise, current draw during the experiment shown in Figure 3b had essentially no effect on hearing for frequencies up to 16 kHz (Fig. 3e) . A small l e t t e r s degradation in threshold was observed at a frequency of 23 kHz, which is encoded close to the round window (near the cochlear base). This degradation is probably due to the electrode tip, which was designed to be ~2 µm in diameter after beveling so as to allow low electrode impedance, typically ~800 kΩ, which is required for energy extraction from the EP. At such sizes, electrodes can cause local physical trauma to the cells lining the basilar membrane and thereby allow leakage of ions across the endolymph-perilymph barrier as well as leakage of ions from the fluid-filled electrodes into cochlear fluids. In contrast, electrodes that have been used to stably record the EP for many hours have tips <1 µm in diameter and impedances >5 MΩ 28 . Together, our data imply that major improvements in low-impedance, small-diameter electrode design would be required to allow long-term energy extraction from the EP without causing long-term cellular trauma during electrode insertion. In the meantime, our prototype system demonstrates feasibility with minimal effect on hearing in the short term.
With future miniaturization of low-impedance electrode tips and with refinements in minimally invasive surgical approaches to endolymph (for example, via Reissner's membrane 29 ), our system would be useful in animal studies and could find eventual applications in human biotechnology and medicine. Small rodents are commonly used in hearing research, and our proposed energy-harvesting system could enable miniaturized and fully implantable sensing devices with minimal risk of malfunction from external infections or trauma. We envision using chemical and other electronic sensors and actuators not only in the cochlea and the nearby vestibular end organs of the inner ear ( Fig. 1) but also in adjacent structures such as the temporal lobe of the brain, the facial nerve and the carotid artery, all of which are within millimeters of the cochlea in humans and rodents.
In the future, energy extraction from the cochlea may be applicable to humans. Surgical insertion of devices such as cochlear implants and stapes prostheses into the human inner ear is already possible with minimal risks of damaging normal or residual hearing 30, 31 . Although the risk of hearing loss is higher when inserting an electrode into endolymph rather than perilymph, there are many forms of deafness in which the EP is normal, such as deafness due to loss of sensory cells, cochlear neurons or supporting cells. In such cases, the benefit of a battery-less system for sensing of key molecules in the inner ear may outweigh the potential risk to the EP during electrode insertion into endolymph. Although we have identified and overcome key challenges in developing the components of the system necessary to harvest net positive energy from the inner ear for hours at a time, important future work is required in electrode miniaturization and surgical approaches in order to advance from demonstrating feasibility to integrating all components into a safe, fully implantable system for long-term operation.
MEtHods
Methods and any associated references are available in the online version of the paper. 
oNLINE MEtHods
Surgical procedures were performed at the Massachusetts Eye and Ear Infirmary with the approval of the Institutional Animal Care Committee (protocol no. 09-09-026). Animals were anesthetized and experiments were conducted in a heated, acoustically insulated chamber. Most animals had spontaneous, natural breathing. Mechanical ventilation was used only if respiration faltered owing to anesthesia. The auricle and neighboring musculature were reflected ventrally to expose the external auditory meatus and bulla. The lateral wall of the bulla, up to the caudal edge of the tympanic ring, was removed to allow visualization of and access to the round window. Pulled glass microelectrodes, mounted on micromanipulators, were advanced through the round window to access the fluid spaces of the inner ear. The negative electrode was inserted into the perilymph-filled scala tympani, and the positive electrode was inserted through the basilar membrane and sensory epithelium into the endolymph-filled scala media (Supplementary Fig. 1 ). Microelectrodes were pulled from Borosil capillary tubing (FHC). The tips of electrodes were beveled at a 25° angle using a BV-10 Microelectrode Beveler (Sutter Instruments) to achieve tip diameters of ~2 µm and electrode impedance of ~400-800 kΩ for both electrodes. Electrodes were mounted in half-cell holders containing Ag/AgCl exchange pellets (World Precision Instruments). Electrolyte composition was 2 M KCl. All circuit grounds were with reference to perilymph.
We constructed tone-pip audiograms by presenting brief tones (3.0-ms duration, 0.5-ms rise and fall times), at half-octave spacing between 2 and 32 kHz, to the external ear canal of the surgically targeted ear. The resulting compound action potential was recorded with a metal-wire electrode placed adjacent to the round window. The threshold was defined as the minimum sound intensity required to elicit a response above 10 µV (the noise floor was measured to be approximately 4 µV).
The printed circuit board was manufactured with an FR-4 substrate, and the chip and two capacitors were mounted on the top of the board, whereas the inductor was mounted on the bottom. The chip was encapsulated by a nonconductive epoxy for mechanical stability (not shown in Fig. 3a for  clarity) . The system supply voltage was measured during in vivo experiments with a Keithley 2602 SourceMeter, and V IN was measured with an Agilent U1253A instrument set to 1 GΩ input impedance. A wireless receiver, built with discrete components, was used to down-convert and record the instantaneous transmitter data rate on a Tektronix TDS3064B oscilloscope. The chip power consumption was measured during characterization experiments with a Keithley 6430 SourceMeter and high-isolation triaxial cables for accurate low-current measurements.
The chip was initialized with a wireless kick-start from an external radio frequency source operating at 2.4 GHz placed several millimeters away for no more than 2 s. Owing to on-chip voltage clamps, capacitor C supply , which had a capacitance of 200 nF, charged to at most 1.4 V during initialization. At 1.4 V, capacitor C supply stored E = 0.5C supply V supply 2 = 200 nJ of energy. During operation, the boost converter, radio and peripheral circuits consumed 573 pW (at 0.9 V). At this power consumption, the circuit would theoretically operate for at most 6 min before completely exhausting the energy stored on capacitor C supply ; in practice, time to exhaustion is typically much shorter. Therefore, any experiment lasting longer than a few minutes extracted energy from the EP.
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